As oil and gas exploration moves into deeper offshore areas, Shallow Water Flow (SWF) from overpressured, unconsolidated/uncemented sands becomes a high profile drilling hazard. Laboratory measurements show that SWF sands have high seismic compressional to shear velocity (Vp/Vs) ratios. Thus, elastic seismic inversion for Vp/Vs provides a quantitative identification of SWF sands, and predrill predictions of SWF.
Introduction
As oil and gas exploration moves to offshore areas where the water depth is more than 1500 ft, SWF from shallow overpressured, unconsolidated and uncemented sands becomes a challenge to drilling. About 70% of all deep water wells have encountered SWF problem (Huffman and Castagna, 2001) . The SWF problems result mainly from the narrow window between pore pressure and fracture gradient in SWF sands (Ostermeier et al., 2002) : if the drilling mud-induced pressure is too low when drilling through these sands, water and sand may flow into the borehole and lead to the erosion of the hole sides and create a large cavity. This cannot be overcome simply by increasing the mud weight. The sands may fracture and lead to lost mud returns and loss of well control if the mud weight is too high (Bruce et al., 2002) . Both situations are serious drilling hazards.
Several hundred million dollars may have been spent on SWF prevention and remediation (Ostermeier et al., 2000) since SWF problem was first recognized in 1985 in the Gulf of Mexico. In our study area, significant cost was involved in Kerr-McGee's well GB877 #1 in Pump and Dump Operations to control the potential shallow water flow in the shallow section. An accurate prediction of SWF sands before drilling is critical for the selection of well sites, well design, and operation procedures, and therefore has a major financial impact on the drilling of deep water prospects.
The petroleum industry commonly predicts SWF sands by interpreting the amplitudes of high resolution 2D and conventional 3D seismic data within the stratigraphic framework (McConnell, 2000) . However, shallow sands can not be reliably detected directly from seismic amplitude alone, because of the relatively low contrast in acoustic impedance at sand/shale interfaces at shallow burial depth (Ostermeier et al., 2002) . More diagnostic seismic attributes for SWF sands are desired to reduce the ambiguity.
Laboratory measurements show that SWF sands have high Vp/Vs values and high attenuation (Huffman and Castagna, 2001; Prasad, 2002) . Huffman and Castagna (2001) have used the Vp/Vs anomalies inverted from multi-component seismic data to identify the potential SWF sands. However, multicomponent data are not common, especially in the frontier exploration areas. Thus, the University of Texas at Dallas and Kerr-McGee Oil and Gas Corporation defined a project to identify SWF sands using Vp/Vs anomalies inverted from conventional 3D seismic data in the Garden Banks, Gulf of Mexico. Two wells, Shell's well GB920 #1 and Kerr-McGee's well GB877 #1, that have known SWF problem in this area, provide constraints for the elastic inversion of the seismic data.
Geologic Setting
Our study area is located on the middle continental slope in the Gulf of Mexico and covers two conjoined mini-basins. The Pleistocene in this area is very thick, and consists of sediments of both very rapid deposition and slow deposition, due to the sea-level changes and the interplay of sedimentation and salt tectonics. Debris flow and channel deposits associated with the very high sedimentation rates have been considered to be the primary cause of overpressure and SWF sands in the shallow section in this area. The laterally extensive condensed sections deposited during the slow deposition periods have also contributed by providing an effective seal to the rapidlydeposited sediments (Fugro, 2000) .
Data
The data available for this study include a good quality, prestack, time migrated 3D seismic data volume, mainly covering 6 blocks in the Garden Banks ( Figure 1 ). The 3D seismic data volume was reprocessed for Kerr-McGee by VeritasDGC for hydrocarbon exploration purposes. The frequency of the seismic data in the shallow section ranges from 40 to 60 Hz. We also have a 3D stacking velocity model, checkshots from GB877 #1, and well logs of GB920 #1 and GB 877#1. The 3D stacking velocity model is used in the generation of commonangle aperture gathers and low-frequency models used for elastic inversion. Except for the Gamma Ray log, there are no other well-logs available in the shallow depths. However, the well-logs in the deeper part are used for calibration during the estimation of shear wave velocity and density from the stacking velocity model.
Methodology and Implementation
We expect to see high Vp/Vs values in SWF sands. Thus, we want to extract Vp/Vs from seismic data to see if we can identify SWF sands. The first four terms of the objective function are used in the Constrained Sparse Spike Inversion (CSSI) for acoustic impedance (Lu and McMechan, 2002) , to ensure sparse solutions, to ensure good fit with seismic data, to help control low frequency, and to enforce inline and crossline lateral smoothness, respectively. Three additional terms for AVA inversion are contrast mismatch of the elastic parameters, and the Gardner and mudrock line constraints.
The inputs of the inversion include multiple common-angle aperture prestack time migrated data sets, low frequency models for Vp, Vs and density, and wavelets for each common-angle aperture data set. We use three common-angle The common-angle stacked data set are generated from the prestack time migrated common mid point (CMP) gathers using a 3D stacking velocity model. We don't have Vp, Vs or density logs in the shallow sections, so we estimated bounds on the Vs and density models from the 3D stacking velocity model by using the Mudrock line equation and Gardner's equation, respectively, calibrated by checkshots and deeper well logs from wells GB920 #1 and GB 877#1. To estimate the wavelets, a seabed model was first built by using the stacking velocity model and checkshot information. A wavelet is then estimated for each common-angle stacked data set by using the seabed model and seafloor reflection in each data set. The wavelets compensate for the variations of frequency, phase and amplitude among the angle stacked data sets. The final output of the inversion is the distribution of Vp/Vs ratio.
Preliminary Results
An AVA inversion was first applied to Line A (Figure 1 ) that crosses Shell's well GB920 #1. Figure 2 shows the Vp/Vs ratio inverted from this line. Vp/Vs is displayed from 1 (blue) to 13 (red). The higher the Vp/Vs value, the higher the probability of the presence of SWF sands. Thus, a more serious SWF problem will be expected in the middle of this line. Figure 3a shows the Vp/Vs values overlain with the seismic data, with only high Vp/Vs being highlighted; there is only one layer with relatively high Vp/Vs value near well GB920#1. Figure 3b is scanned from Fugro's SWF assessment report, and shows that this layer is at the same location where at least 10 ft of sand that produced a SWF was penetrated by this well.
We then applied AVA inversion to Line B (Figure 1) , which intercepts Kerr-McGee's well GB877#1. A portion of the Vp/Vs section is overlain with the Gamma ray log in Figure 4 . Again, the Vp/Vs is displayed from 1 (blue) to 13 (red). The potential SWF sands (high Vp/Vs) are generally consistent with the gamma ray log. Figure 5a shows the Vp/Vs values (using the same color key in Figure 3a ) overlain with seismic data near well GB877 #1. Figure 5b shows the inverted Vp/Vs values at this well location. Figure 5c shows Fugro's predrill SWF sand prediction for well GB877#1. Fugro made their prediction by stratigraphic analysis and geologic modeling building using conventional 3D and high resolution 2D seismic data, and offset well (Fugro, 2000) . In Fugro's prediction, there are three zones with high risk of SWF, and several other zones with low to moderate risk of SWF sands. We see that the high Vp/Vs anomalies match very well with Fugro's predrill prediction (however, the Vp/Vs values are quantitative). Thus, our results support Fugro's prediction that Kerr-McGee's well GB877 #1 has much more serious SWF problem than Shell's well GB920 #1, and show that KerrMcGee's drilling engineers have used the right procedures in drilling this well.
We finally applied AVA inversion to the whole 3D seismic volume, to obtain a Vp/Vs volume. Figure 6 shows the map view of the Vp/Vs volume at 15 ms below Horizon 50 ( Figure  5c ), which is the main sealing clay in this area. On this surface, SWF is predicted to be serious near GB877 #1, but mild near GB920 #1. Figure 7 shows the map view of the Vp/Vs volume at 60 ms below Horizon 50. SWF is predicted to be serious at the middle of the study area and near well GB 920 #1, but mild near GB877 #1.
Conclusions
We have extracted a Vp/Vs ratio volume from conventional 3D seismic data by elastic inversion of multiple commonangle aperture prestacked, time migrated data sets. The results show that the Vp/Vs anomalies match a known SWF sand penetrated in Shell's well GB 920 #1, and match very well with Fugro's independent prediction at Kerr-McGee's well GB877 #1. SWF is a much more serious problem in KerrMcGee's well GB877 #1 than in Shell's well GB920 #1. Thus, with calibration at the well, Vp/Vs volume may be readily used to identify SWF sands away from the wells. Crossline A GB920 #1
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